An experimental study has been made of the conditions in the turbulent'wake behind a cylinder in an air stream at cylinder Reynolds numbers between 100 and 7000. The measure ments include the mean velocity distribution, the distribution of the three components of turbulence, the statistical distribution in time of the turbulent velocity components, and the correlation derivatives in the downstream direction for both the longitudinal and transverse correlations. It is shown that the intensities of the three components of turbulent velocities are nearly equal except at the centre of the wake, where the balance between viscous decay and diffusion from the regions of shear results in a considerably greater intensity for the com ponent at right angles to the direction of flow and also to the axis of the cylinder, i.e. in the direction of diffusion of turbulent energy. An analysis of the energy in the wake proves that complete dynamical similarity in the wake, if it is ever attained, does not occur closer to the cylinder than 1000 diameters, and that the viscous dissipation of energy can b.e described in terms of a length parameter, nearly constant over the width of the wake and approximately equal to the measured value of Taylor's scale of micro-turbulence.
T heoretical descriptions of conditions in non-uniform tu rb u le n t flow have been m ade, usually in term s of m ixture-length theories which are based on th e analogy betw een th e tu rb u le n t m otion of a fluid an d th e random m otion of gas molecules. I t is evident th a t while th e assum ptions m ade in these theories m ay lead to predicted m ean-velocity d istributions agreeing closely w ith observed distributions (Gold stein 1938), because of th e discontinuous n a tu re of th e assum ed processes, it is im possible to o b tain from m ixture-length considerations any description of th e tu rb u le n t m otion in th e wake, a p a rt from th e eddy shearing stress a n d th e diffusive properties. This em phasis on th e properties of th e m ean flow is a reflexion of th e com parative lack of inform ation on th e tu rb u le n t intensities in th e wake, and the only theoretical investigation using th e m ethods of th e statistical theory of t u r bulence is th a t of H u (1944) . To solve th e problem , H u uses m any assum ptions w hich though m athem atically convenient are no t necessarily accurate, and m ore detailed inform ation on th e turbulence is necessary to guide such investigations. The object of this paper is to record a fairly detailed stu d y of the fully developed tu rb u le n t wake behind a circular cylinder in a low -turbulence air stream . M easure m ents of th e intensities of th e three com ponents of turbulence have been m ade over a considerable p a rt of th e wake, and some m easurem ents of correlations and s ta tis tical distributions of velocity com ponents are also included.
E x p e r im e n t a l m e t h o d a n d e q u ip m e n t
The m easurem ents were m ade in a small wind tunnel of th e closed le tu rn type, using a fine gauze followed by a settling length and a rapid contraction to obtain a low -turbulence air stream . A t the entrance the working section is 15 x 15 in., and [ 551 1 552 A. A. Townsend ex ten d s for 84 in. The average value o f th e dow nstream com ponent of tu rb u len ce is 0-07 % a n d of th e cross-stream com ponent 0*14 % . F u rth e r details o f th e tu n n el are given by M acPhail (1946) .
T u rb u le n t velocities were m easured in th e usual w ay w ith a hot-w ire anem om eter in conjunction w ith an am plifier com pensating for th e tim e lag in response of th e hot-w ire. F o r m easurem ents of th e dow nstream com ponent, a sim ple wire a t rig h t angles to th e air stream was used, O'00025 cm. diam eter an d a b o u t 1 m m . long. F o r cross-stream com ponents, pairs of wires of sim ilar dim ensions were used, a rran g ed in th e form of a V. Such wires are easier to co n stru ct th a n th e X -form , b u t possibly are slightly less accurate, due to th e larger sensitive volum e, an d consequent errors in th e m easurem ent of sm all-scale turbulence. In te n s ity m easurem ents are m ade in th e usual w ay w ith a therm o-j unction a n d a m illivoltm eter.
C orrelation derivatives are m easured from th e analysis of a hot-w ire o u tp u t b y a n electrical differentiating circuit. Since th e tu rb u le n t velocities are sm all com pared w ith th e stream velocity, one m ay assum e du 1 3
w here ui s a velocity com popent a t a fixed point, x is m easured parallel to th e m ean stream velocity, U is th e m ean stream velocity, t is tim e. I t is easily show n th a t if R u(x) is th e correlation function betw een th e in sta n ta n e o u s values of u a t positions x a p a rt on a line parallel to th e direction o f th e m ean stream ,
Electrical differentiation w ith respect to tim e of a flu ctuating p o ten tia l depends on th e relation th a t th e charging cu rren t o f a condenser is pro p o rtio n al to th e tim e d eriv ativ e of th e p o ten tia l difference across th e condenser, a n d th e prod u ctio n of a voltage proportional to this c u rre n t across a resistance in series w ith th e condenser (Tow nsend 1947).
To m easure th e sta tistic a l d istrib u tio n in tim e of a velocity com ponent, an electronic analyzer has been used. A valve circuit is arran g ed so th a t c u rre n t is passed th ro u g h a m icroam m eter only w hen th e applied voltage is w ithin narrow fixed lim its. I f th is applied voltage is th e sum of a variable b u t know n ste a d y p o te n tia l a n d th e ap p ro p riate anem om eter o u tp u t, th e n th e m ean m icroam m eter c u rren t is a m easure of th e pro b ab ility th a t th is sum should lie w ithin th e lim its, an d th e com plete d istrib u tio n m ay be obtain ed b y varying th e stead y p o ten tia l (Tow nsend 1947)-R e su l t s I n te n s ity m ea su rem e n ts o f tu rb u le n c e w ere m ade over a ran g e o f cylinder R ey n o ld s n u m b ers from 100 to 7000, b u t, as w ith in th is ran g e th e tu rb u le n ce d istrib u tio n s w ere essen tially sim ilar sufficiently fa r d ow nstream , com prehensive m easu rem en ts h a v e o nly been m ade in th e w ake o f a 1^12 m m . d iam e te r cylinder, a t airspeeds o f 560 a n d 1120cm .sec.-1. Specim en d istrib u tio n s of th e ro o t-m eansq u are in te n sitie s o f th e th re e com ponents a n d o f th e m ean velocity across th e w ake y (inches) -> F igure 1. Distribution at 91 diameters.
are p lo tte d in figures 1 to 3. T he direction of u is ta k e n as parallel to th e m ean flow, of v a t rig h t angles to th e plane of th e wake, an d of w parallel to th e axis of th e cylinder. T he ra p id developm ent a n d stabilizatioii o f a characteristic shape of d istrib u tio n is evident.
T he sta tistic a l distrib u tio n s in tim e of th e velocity fluctuations have been d e te r m ined, a n d it is found th a t except close to th e edge of th e wake, th e distributions are very nearly G aussian as in isotropic turbulence. T he d istrib u tio n o f u a t th e edge o f th e w ake is skew, as is easily seen in figure 4. I n th is diagram , for each curve th e vertical an d horizontal scales have been arb itra rily a d ju ste d for easy com parison o f th e form s.
To establish a length connected w ith th e scale o f turbulence, m easurem ents of d2R J d x 2 a n d 3 2R Jd x2 have been m ade in th e wake. I n figure 5 , th e v a ria tio n th e w ake is represented, a n d b o th these qu an tities are seen to be nearly co n sta n t over th e whole wake, d2R Jd x2 being nearly tw ice d2R J d x 2, as it w ould be if th e tu rb u len ce were isotropic. In figure 6 , th e v ariatio n of th ree lengths associated w ith th e w ake a t a fixed distance dow nstream are p lo tted against distance, th a t is, Am, d a n d l, where 1/A£ = -d2R J d x 2, d is th e half-w idth o f th e u' d istrib u tio n , l is tw ice th e half-w idth of th e m ean velocity d istribution.
F o r a com parison w ith th e th eo ry of com plete sim ilarity, th e squares o f these lengths are p lo tted against x, th e distance dow nstream from th e cylinder.
Briefly, th e results m ay be sum m arized: (a) B eyond 100 diam eters dow nstream , a characteristic d istrib u tio n o f t u r bulence across th e w ake is a tta in e d , m arked by a pronounced cen tral m inim um in th e u' a n d w' d istrib u tio n s b u t n o t in th e v' distrib u tio n , a n d ap p ro x im ate eq u ality of these com ponents outside th e cen tral region.
(6) The 'm icroscale o f tu rb u le n c e ' represented by AM is ap p ro x im ately c o n sta n t over th e g rea ter p a r t of th e w id th o f th e wake. (c) The statistical distributions in tim e of the velocity com ponents are nearly Gaussian except th a t of u a t the extrem e edge of the wake.
Measurements in the turbulent wake of a cylinder
(d) The turbulence R eynolds's num ber based on the m ean tu rb u le n t velocity and the w idth of the wake is approxim ately one-third of the cylinder Reynolds num ber. 
D i s c u s s i o n o f r e s u l t s
F rom these results it is possible to calculate th e to ta l kinetic energy of th e tu r b ulent m otion a n d th e to ta l kinetic energy of th e m ean flow in th e wake a t various points. In figure 7 th e v ariatio n of th e integrals, I T and IM, w ith position is repre sented, where _ _ __
are m easures of th e energy in th e m ean stream and in th e tu rb u le n t m otion. Initially, I T is larger th a n IM, b u t the relative proportions of tu r flow energy change continuously, approaching in th e lim it th e ratio IMIIT = 4-5 (figure 8). This final value is only a tta in e d very slowly. Complete equilibrium only occurs a t distances in excess of 1000 diam eters dow nstream . In view of this, it is rath e r surprising th a t properties of the m ean flow appear to be stabilized after possibly 100 diam eters, where the present experim ents show th a t conditions are rapidly changing (Goldstein 1938)-It is evident that although the wake is not similar in detail in the region 100 to 1000 diameters downstream, some mean property must exist to replace the postulated turbulence field used in the transport theories. A suitable quantity, as far as'the numerical variation is concerned, is the total kinetic energy (IT + IM), which is proportional to ar-*, and AM behaves in a suitable way to replace the arbitrary mixing length, i.e. it is proportional to xi . It is not suggested that the correspondence of (/y + with the assumed turbulent intensity is exact, but the correspondence over the transition period is rather striking. 
B y analogy with the equation for the dissipation of energy in isotropic turbulence, one may write
where Ae is an effective 'scale of microturbulence '. Then Ae may be calculated from the relation deduced, using the experimental knowledge that the magnitude of (IT + Ijf) is proportional to x~*. Ae is then found to be approximately equal to Ay, as shown in figure 10 .
From these measurements, it is possible to calculate the shear stress across the wake, and then to calculate correlation coefficients, Ruv, across the wake. The results for one value of x are presented in figure 9. fluctuations, a n d it is therefore n o t unreasonable th a t a t th e w ake centre th e in te n sity o f v fluctuations should be considerably larger th a n th e intensities o f u a n d w fluctuations. Sim ilar arg u m en ts show t h a t th e b re a d th of th e v' d istrib u tio n m u st be g rea ter th a n th a t o f e ith er the u' or th e d istrib u tio n , a result also observed in these exp erim en ts.
Measurements in the turbulent wake of a cylinder
Co n c l u s i o n s T he turb u len ce in th e w ake o f a cylinder is ra th e r m ore com plex th a n has usually been assum ed in existing theory, a n d th e tra n sitio n distance during which th e final stab le configuration is approached extends for nearly 1000 diam eters. P a rtia l sta b ility occurs a fte r 100 diam eters for th e characteristics of th e m ean flow, b u t th is is n o t reflected in th e tu rb u le n t field, w hich rem ains in th e tra n sitio n sta te . In th e final sta te , th e tu rb u le n t m otion is sm all com pared w ith th e m ean flow.
The th eo retical investigation o f H u, although it predicts velocity and te m p e ra tu re d istrib u tio n s w ith reasonable accuracy, does n o t explain th e observed d istrib u tio n of tu rb u le n t intensities across th e wake.
An in terestin g coincidence is th e approxim ate eq u ality o f Ae and Aw, which is p a rticu la rly significant in view of th e notion of local isotropy used by KolmogorofF (1941 a,b) , in his recent w ork on correlations in tu rb u le n t flow. This would im ply th a t th e assum ptions m ade by K olm ogoroff m ay be valid for th e wake.
I t is evident th a t th e conditions in th e w ake are m ore com plicated th a n has been assum ed, a n d th a t fu rth e r experim ental stu d y is necessary for a com plete u n d e r standing of th e processes involved.
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